Background. Low heart rate variability (HRV) is associated with an increased risk of arrhythmic death and ventricular tachycardia (VT). The purpose of this study was to examine whether there is a temporal relation between changes in HRV and the onset of spontaneous episodes of VT in patients at high risk of life-threatening arrhythmias.
heart,7-9 reflecting modulation of the electrophysiological substrate by functional influences.'0 Recent studies have revealed that low total HRV and low measures of various frequency domain components of HRV can identify patients who are at increased risk of arrhythmic events after myocardial infarction."1-13 However, the mechanisms by which the pathophysiological changes reflected by impaired HRV predispose to the occurrence of malignant arrhythmias are largely unknown. The purpose of the present study was 1) to examine temporal changes in the HRV before spontaneous episodes of VT and 2) to test the hypothesis that quantitative differences in various frequency domain measures of HRV exist before the onset of nonsustained and sustained episodes of VT.
Methods

Patients
The patient population consisted of 18 consecutive patients who were admitted to electrophysiological test- 
Analysis of Holter Recordings
Two-channel 24-hour ECG recordings were analyzed on a Delmar Avionics scanner. Average heart rate, number of ventricular premature beats, episodes of repetitive beats (two to four consecutive beats), and episodes of VT (more than four beats; rate, > 100 beats per minute) were analyzed from the tape recordings. The analysis of each tape recording also included existence of a pause (defined as an RR interval exceeding 125% of the average cycle length over the five preceding beats) before the onset of VT, prematurity index defined as the ratio of the coupling interval and the immediately preceding RR cycle, and the length, rate, and morphology of the VT.
VT was defined as nonsustained if it lasted more than four beats but <30 seconds and as sustained when its duration was >30 seconds or if defibrillation was required for termination of VT. Polymorphic VTs and VTs that were preceded by a pause were not included in the analysis.
Analysis of HRV
The ECG data were digitally sampled and transferred from the Delmar Avionics scanner to a microcomputer for analysis of HRV. A linear detrend was applied to the RR interval data segments of 512 VT. samples to make the data more stationary. This was implemented by first fitting a straight line to a segment by a standard least-squares method and then subtracting it from the sample values. The RR interval series was passed through a filter that eliminates unwanted premature beats and noise and fills the resulting gaps with an average value computed in the local neighborhood. An RR interval is interpreted as a premature beat if it deviates from the previous qualified interval value by more than a given tolerance (e.g., 30%), which is a programmable parameter depending on the prematurity index of ectopic beats in each patient. With this filtering technique, abrupt temporary changes in RR interval sequence, representing noise or ectopic beats, were removed and more stationary data were achieved for analysis. In addition, the RR intervals were reviewed on the computer display by an experienced observer, and the questionable portions were compared with the printouts of Holter ECG recordings. Only those RR intervals related to normal sinus beats in a stationary state were included in the final analysis. In our experiments, by eliminating randomly different numbers of RR intervals and filling the gaps by average RR intervals, reliable measurements of spectral components of HRV have been achieved by this technique (<5% error) if <15% of impulses are excluded from the analysis. Therefore, only those segments with >85% of qualified beats were included in the analysis.
An autoregressive model was used to estimate the power spectral densities of the RR interval variability.14 The size of 10 was used for the model order in the analysis of the RR data. The computer program automatically calculates the autoregressive coefficients to define the power spectral density. Power spectra were quantified by measuring the area in five frequency bands: total power <0.4 Hz, high-frequency (HF) power from 0.15 to 0.40 Hz, low-frequency (LF) power from 0.04 to 0.15 Hz, very-low-frequency (VLF) power from 0.0033 to 0.04 Hz, and ultralow-frequency (ULF) power <0.0033 Hz. The ratio between LF and HF spectra was also analyzed. In addition, normalized units of HF and LF powers were calculated by dividing HRV, heart rate variability; HF, high frequency; LF, low frequency; tachycardia; nonsust, nonsustained VT; sust, sustained VT. *Corresponds to the number of the patient in Table 1. the power of a given component by the total power, from which the power <0.04 Hz has been subtracted, and multiplying by 100.15 The average heart rate and power spectral components of HRV were calculated in 1-hour segments for the 24-hour period and in four 15-minute and three 5-minute periods before the onset of VT.
Statistics
The significance of changes in spectral areas, average heart rate, and number of premature ventricular beats before the onset of VT was analyzed by ANOVA for repeated measurements. Differences in data before the onset of nonsustained and sustained VT were compared by unpaired Student's t test and by paired t test in patients who had both nonsustained and sustained episodes of VT during the same 24-hour recording. The 24-hour HRV and the HRV before the onset of nonsustained and sustained VT, respectively, VLF, very low frequency; ULF, ultralow frequency; VT, ventricular were compared by paired t test. In cases with several episodes of VT during the same recording, an average value of HRV was used for comparisons. Linear regression analysis was used to estimate the correlations. Because of the skewness of the data, log transformation of the components of HRV and number of ventricular premature beats was performed before statistical analyses. A value of p<0.05 was considered significant.
Results
Characteristics of VT
A total of 40 episodes of VT were analyzed. Twentyeight episodes were nonsustained and 12 were sustained. Nine sustained VT episodes terminated spontaneously, and three were terminated by defibrillation. One VT degenerated to ventricular fibrillation before its termination. Other characteristics of VT episodes are summarized in Table 2 . 
Comparisons Between Nonsustained and Sustained Episodes of VT
The average heart rate and number of ventricular premature beats were not significantly different before the onset of nonsustained and sustained VT episodes. The prematurity index of the initiating beat and the rate of VT did not differ between the nonsustained and sustained VT (Table 2 ). Total power of HRV analyzed in 1-hour, 15-minute, and 5-minute segments was significantly lower before the onset of sustained than nonsustained VT (p<O.OO1 for all). An indirect correlation existed between the length of VT and the total power of HRV estimated from the 15-minute period before the onset of VT (r= -0.54, p<O.Ol). No correlation existed between the total power of HRV and the number of ventricular premature beats before the onset of VT (r=O.12, NS). Power spectral analysis showed that all frequency components of HRV were significantly lower before the sustained VT compared with nonsustained VT (Table 3 ). Total power of HRV was also significantly lower during the 1-hour period before the onset of sustained VT than the average 24-hour HRV (p<O.O5, see Table 3 ). In addition, all measures showed nonsignificant trends to higher values before nonsustained VT than were found during the total 24-hour period. The normalized units of EF and HF power did not differ significantly before the onset of nonsustained and sustained VT episodes.
Six patients had both nonsustained and sustained VT episodes with similar morphology during the same recording period. Total power of HRV analyzed for the 1-hour period before the onset of sustained VT was lower than the 24-hour average HRV or the HRV analyzed before the onset of nonsustained VT (p<O0.OS) (Figure 1 ). Table   4 shows the frequency domain measures of 24-hour HRV and 1-hour HRV before the onset of nonsustained and sustained VT, respectively. All four frequency domain components of HRV were reduced compared with 24- hour average measures before the onset of sustained VT episodes in these patients. Figure 2 shows the spontaneous episodes of VT in a patient who had two nonsustained VT runs and one sustained VT requiring defibrillation during the same recording period. Figure 3 Total power of HRV increased significantly during the 1-hour period before the onset of nonsustained VT but not before the onset of sustained VT (Figure 4) . Power spectral analysis revealed that the absolute units of LF and HF power had an increasing trend before the onset of nonsustained VT runs (p<0.05 for both), and the LF power analyzed in normalized units also in-LF POWER creased before the onset of nonsustained VT ( Figure 5 ). The HF power analyzed in normalized units did not change before the onset of VT episodes ( Figure 5 ). The LF/HF ratio increased substantially during the 1-hour period before both nonsustained and sustained VT ( Figure 6 ) and also during the 15-minute periods before the onset of both nonsustained and sustained VT (p =0.06 and p =0.05, respectively).
Discussion
Differences Between Nonsustained and Sustained VT There has been little information about the possible differences between spontaneously occurring nonsustained and sustained VT episodes,4'6 although these two arrhythmias may be mechanistically different and have different prognostic significance.16 Kim et a16 found that sustained VTs tend to be faster than spontaneously occurring nonsustained VT runs. Swerdlow et a14 reported that faster basic heart rate before the VT would protect against its extended duration. In this study, no significant differences were found between the rate of VT, heart rate before the VT, or the coupling interval initiating the nonsustained and sustained VT. Concurring with previous results, most of the VT episodes were initiated with a rather long coupling interval.4,16 '17 A major finding of this study is that all power spectral components of HRV were significantly lower before the onset of sustained VT episodes than before the nonsustained VT runs. This difference was also evident in patients who had both nonsustained and sustained VT Potential Mechanisms of the Association Between HRV and Onset of VT Several potential mechanisms may explain the association between changes in HRV and onset of VT. Goldberger et al18 reported that patients at high risk of sudden death show abrupt spectral changes (bifurcations) in the heart rate. Similar fluctuations were observed in the spectral components of HRV in this study, and these had a temporal relation with the onset of VT episodes. These fluctuations in the dynamics of HRV may reflect changes in factors that can lead to electrical instability and facilitate the initiation or perpetuation of arrhythmias. For instance, the presence of low HRV at the time of onset of an arrhythmia may favor its persistence, whereas higher HRV may favor (or participate in) its termination. Under such circumstances, low HRV may be more than a predictive marker; it may actively participate in the pathophysiological process.
All four frequency domain components of HRV were reduced before the onset of sustained VT. The physiology of this type of concomitant reduction of all spectral components of HRV is not completely understood. It is possible that reduction of total variance of HRV reflects a change in target organ responsiveness to neural modulatory activities, because no significant changes were observed in normalized spectral components of HRV. HF power reflects primarily vagal activity, and LF power reflects combined sympathetic and vagal tone, modulated by baroreflex activity,7-9 but the precise physiologies of VLF and ULF power are not known. These components are thought to reflect changes in the activity of the renin-angiotensin system or thermoregulation.7"19 There has been some concern about the adequacy of spectral analysis to estimate VLF oscillations from the time series of a few hundred beats.20 Therefore, the pathophysiological significance of analyzing these components remains uncertain.
A change in the hemodynamic state results in reflexmediated changes in cardiac autonomic tone. Transient ischemia may also result in reduction of cardiac vagal activity and consequently in a decrease in at least some components of HRV. 21 The normalized unit of LF power and LF/HF ratio increased before the onset of nonsustained VT, suggesting adrenergic activation before these arrhythmia episodes. Acceleration of heart rate and a substantial increase in LF/HF ratio before the onset of sustained VT episodes is also suggestive of decreased vagal tone or altered sympathovagal interaction as a contributory factor for genesis of sustained arrhythmias.
Previous studies have shown that a circadian rhythm of HRV exists so that the lowest HRV is observed in the morning, corresponding to the time period of highest incidence of sustained VT and sudden death.22-24 Most of the sustained VT episodes in this study occurred during waking hours. Thus, circadian fluctuation of HRV may partly explain the association between the low HRV and occurrence of sustained VT episodes.
Ventricular premature beat frequency tended to increase before the onset of VT episodes, reflecting changes in electrical stability before the occurrence of repetitive ectopic activity. Premature beats were carefully excluded from analysis of HRV and replaced by an average of neighborhood RR intervals, and no correlation existed between the number of premature beats and HRV. Therefore, it is evident that the changes in spectral components of HRV preceding the VT episodes represent changes in sinus beat intervals.
Significance of Temporal Changes of HRV in the Genesis of Life-Threatening Arrhythmias All patients in this study had a history of potentially fatal ventricular arrhythmia, and the majority of patients were inducible into a sustained ventricular tachyarrhythmia during the electrophysiological testing. Previous studies have shown the association between the low HRV and arrhythmic events after myocardial infarction.11-13 The present findings demonstrate that a temporal relation exists between the decrease of all frequency domain components of HRV and the onset of sustained VT. However, the causal relation between the onset of life-threatening arrhythmias and low HRV needs to be confirmed in larger populations with different risks of arrhythmic deaths before these data can be generalized. Furthermore, studies must be designed to establish the physiology of 
